It is very imperative to improve delayed fracture properties of high strength steel, which may enlarge its usage. The published literature shows that the susceptibility to hydrogen embrittlement of a novel 1 500 MPa bainite/martensite dual-phase high strength steel is inferior to that of conventional quench-tempered high strength steel. The stress corrosion cracking (SCC) in a 3.5 % NaCl solution for novel 1 500 MPa bainite/martensite dual-phase high strength steel was investigated in this paper by using modified wedgeopening-loading (WOL) specimens. The experimental results show that K ISCC for novel 1 500 MPa bainite/martensite dual-phase high strength steel is larger than 50 MPa · m 1/2 , exceeding conventional high strength steel. Its crack growth rate (da/dt) II is about 1ϫ10 Ϫ5 mm/s, which is less than that of conventional high strength steel. Hydrogen trapping phenomena in the steel were investigated by electrochemical permeation technique. The lath boundaries and stable retained austenite are beneficial hydrogen trap, slowing down the segregation of hydrogen on the crack tip, hence K ISCC increases and crack growth rate decreases.
Introduction
The delayed fracture properties of high strength steels with tensile strength exceeding 1 200 MPa are usually lower, 1) which is unfavourable for their wide applications, and the delayed fracture properties of high strength steels are related to hydrogen behavior in the materials.
2) The study of hydrogen behaviour in the materials becomes one of main contents improving delayed fracture properties of materials. The electrochemical permeation technique with simplicity, high sensitivity and flexibility, developed by Devanathan and Stachurski, 3) has proved to be very important to the studies of hydrogen behaviour in materials. In general, some crystal defects such as dislocations, 4) grain boundaries, 5) inclusion interfaces, 5) carbide interfaces, 6) exist in metals and alloys, which as hydrogen traps may reduce diffusion coefficient of hydrogen. Therefore, controlling the hydrogen traps in high strength steels could improve their delayed fracture properties. In the paper, the effect of fined microstructure and retained austenite on the delayed fracture properties of 1 500 MPa bainite-martensite dual-phase high strength steels and hydrogen traps in them have been investigated.
Experimental Procedure
The materials investigated were vacuum-induction melting bainitic steels (U20Si, XBU25A, U25A, U20DSi), and 30CrMnSiA high strength steel was selected to compare with them, their compositions were given in Table 1 . The details of the heat treatment were shown in Table 2 .
The experiments of stress corrision cracking (SCC) were carried out in 3.5 % NaCl solution at 298 K, using modified wedge-opening-loading (WOL) specimens with thickness Bϭ515 mm to determine the critical stress intensity factor K ISCC and crack growth rate da/dt. The microstructure of materials and the fractographies of SCC specimens were observed by SEM. The distribution and content of retained austenite was determined by TEM and X-ray diffraction apparatus.
Hydrogen permeation tests were conducted in homemade electrochemical permeation apparatus with double cell. The specimen size was f40ϫ0.08 mm. The exit side (anodic side) of each specimen was electroplated with a thin nickel layer. The anodic cell contained 0.1 N NaOH and the cathodic cell contained 0.05 N H 2 SO 4 ϩ0.2 g l
Ϫ1
As 2 O 3 . The cathodic side of the specimen was polarized by using a cathodic current density of 10 mA/cm 2 . Hydrogen atoms penetrated through the specimen were oxidized into water by applying the anodic potential 100 mV (S.C.E.). The hydrogen flux J was characterized by the oxidation permeation current recorded by using a potentiostat. The curves of permeation current vs. time were recorded by the computer. The Fig. 1 showed the relationship between relative hydrogen flux J/J ϱ and time (J ϱ was steady-state hydrogen flux). From the curve, the apparent diffusion coefficient (D A ) was evaluated from the relationship 3) : 
Experimental Results

Microstructure of Materials
U20Si, XBU25A, U25A and U20DSi are bainite/martensite dual-phase high strength steels. Their austenite grain sizes and microstructures are similar and the microstructures are shown in Fig. 2 . From Fig. 2 it can be seen that the microstructure of bainite/martensite dual-phase high strength steels (XBU25A) for thermomechanical treatment is markedly fined. Bainite/martensite lath sizes change from 10 to 5 mm in length and 0.7 to 0.6 mm in width in the specimens of conventional heat-treatment and thermomechanical heat-treatment. The 30CrMnSiA is tempered troostite.
The retained austenite exists as films by transmission electron microscope (TEM) (Fig. 3) . The volume percentage of retained austenite is shown in Table 2 . It is seen that addition of more Si can make retained austenite increase. The Fig. 4 shows X-ray diffraction spectrums before and after charging hydrogen of U20Si, it can be calculated that the contents of retained austenite in two specimens are 9 %, which shows that the film retained austenite exhibits better chemical stability. Table 3 gives the delayed fracture properties of materials, which indicates that K ISCC increases, (da/dt) II decreases as the microstructure is fined and retained austenite increases in the bainite/martensite dual-phase high strength steels.
Delayed Fracture Properties
The fractographic analysis suggests that the fracture mode of SCC for the four bainite/martensite dual-phase high strength steels is quasicleavage; by contrast, the fracture mode of SCC for 30CrMnSiA is intergranular, as The apparent trap parameter a can thus be calculated from Eq. (2), where k and p is trapping and escaping rate, respectively, N is trap density.
If energy levels around the trap site are assumed to be those shown in Fig. 6 , 8) then k and p can be written: Choo assumed that the vibration frequencies n 0 and n 1 are the same, 9) and the Eq. (5) could be derived, therefore the trap binding energy E B could be obtained. However, since various types of hydrogen traps exist in materials, it is not possible to measure the effect of a single type of trap from one kind of specimen. The effect of one type of trap can be obtained from the difference of apparent trap parameter (a) of two specimens, which differ only in the amount of single trap. If the amount of one type trap is different in two specimens, the difference of trap parameter (Da) of the two specimens can be obtained from Eq. (6) . (6) where D A1 is apparent diffusion coefficient in specimen 1, D A2 is apparent diffusion coefficient in specimen 2, in which the amount of trap site i is varied from specimens 1, DN i is the difference in the number of trap site i between specimen 1 and 2. Assuming that the trap density does not vary with temperature, the difference of trap parameter (Da) obtained at different temperatures for the same specimens can be expressed as Eq. (7) by combining Eqs. (5) and (6) . Thus, the binding energy between trap site i and hydrogen can be obtained.
In order to obtain a, it is necessary to know D L . In this work, D L value used to calculate a is: Table 4 . The difference of trap parameters (Da) obtained from the apparent trap parameters (a) comparing U25A and XBU25A, U20DSi and U20Si, respectively, describes the effect of bainite or martensite lath boundaries and retained austenite, it is presented in Table 5 .
The trap binding energy (E B ) of retained austenite and bainite or martensite lath boundaries was calculated from Eq. (7), which is 40.4 kJ/mol and 28.1 kJ/mol, respectively. It is also apparent that the trapping effect of retained austenite is stronger than that of dislocations, microvoids and grain boundaries because the trap binding energy is larger than the values of dislocations (19.2 kJ mol Ϫ1 ), microvoids (27.6 kJ mol
Ϫ1
) obtained by Choo and Lee 11) and grain boundaries (20.5 kJ mol Ϫ1 ) obtained by Lee, 12) and the trapping effect of the lath boundaries is similar to them.
Discussion
The improving of delayed fracture properties for bainite/martensite dual-phase high strength steels is due to different microstructure from 30CrMnSiA. Addition of certain amount Si in bainite/martensite dual-phase high strength steel assured that carbide-free precipitates 13) and that there was more filmy retained austenite exhibiting a better mechanical-stability, thermal-stability and chemical-stability in it. The transformation of martensite did not create under charging hydrogen and stress, which avoided factors of microstructure generating hydrogen induced cracking. Since the retained austenite has good ductility, it may inhibit crack propagation; by the way, retained austenite acts as a hydrogen trap too, 14) which may reduce local hydrogen segregation rate, and weak accumulation of hydrogen on crack tip. Therefore, retained austenite improves the resistance to delayed fracture.
In addition, the bainite/martensite dual-phase microstructure obtained by thermomechanical heat-treatment is markedly finer than that of conventional treatment. This is because austenitizing temperature of thermomechanical treatment is lower, recrystallization-free austenite was found. The defects such as dislocation in intragranular provide subsequent transformation with more nucleation location. The finer the bainite/martensite dual-phase microstructure, the more the lath boundaries are. Since the lath boundary is a hydrogen trap, 15) the increase of lath boundary also leads to increase of hydrogen traps, which makes hydrogen distribute homogeneously. It is difficult for hydrogen concentration on crack tip to arrive to critical value of crack propagation. Thus, the resitance to delayed fracture is also improved.
Conclusions
(1) K ISCC for novel 1 500 MPa bainite/martensite dualphase high strength steel is larger than 50 MPa · m 1/2 , exceeding conventional high strength steel. Its crack growth rate (da/dt) II is about 1ϫ10 Ϫ5 mm/s, which is less than that of conventional high strength steel.
(2) The fracture mode of SCC for bainite/martensite dual-phase high strength steels is quasicleavage; by contrast, the fracture mode of SCC for 30CrMnSiA is intergranular.
(3) The trap binding energy (E B ) of retained austenite and bainite or martensite lath boundaries is 40.4 kJ/mol and 28.1 kJ/mol, respectively.
(4) The reason of improvement in delayed fracture properties for binite/martensite dual-phase high strength steels is related to stable filmy retained austenite and bainite or martensite lath boundaries acting as hydrogen traps. Table 4 . The diffusion coefficients (D A ) and trap parameters (a) at different temperature. 
